The role of calcium signaling in specific events of animal cell meiosis or mitosis (M-38 phase) is a subject of enduring controversy. Early efforts suggested that increases in 39 intracellular free calcium ([Ca 2+ ] i ) promote spindle disassembly 1, 2 while subsequent 40 work suggested that global [Ca 2+ ] i increases trigger nuclear envelope breakdown, spindle 41 assembly, the metaphase-anaphase transition, and cytokinesis 3-6 . However, further 42 studies led to the conclusion that elevation of [Ca 2+ ] i either has no role in these events, 43 plays a permissive role in these events, or functions as an auxiliary signaling pathway 44 that supplements other mechanisms 7 . One potential explanation of the controversy is 45 that specific M-phase events might depend on highly localized increases in [Ca 2+ ] i , 46 variously referred to as microdomains 8 or nanodomains 9 , as proposed recently 10 . Such 47 domains are hypothesized to arise from rapid shuttling of calcium between closely 48 positioned sources and sinks, rendering them potentially difficult to detect with 49 traditional dyes and largely insensitive to slow chelators such as EGTA 9 . Here a novel 50 microtubule-binding calcium sensor-TubeCamp--was used to test the hypothesis 10 that 51 spindles are associated with calcium nanodomains. TubeCamp imaging revealed that 52 spindles in Xenopus eggs, Xenopus embryos, and HeLa cells were all associated with 53 calcium nanodomains at the spindle poles. Calcium nanodomains also formed in spindles 54 assembled in cell extracts and at the center of monopolar spindles, suggesting that they 55 are a basic feature of spindle self-assembly. Disruption of calcium nanodomains via 56 perturbation of inositol-1,4,5-trisphosphate signaling or rapid chelation of [Ca 2+ ]i resulted 57 in spindle disassembly in vivo and vitro. The results demonstrate the existence of 58 spindle-associated calcium nanodomains and indicate that such domains are an essential 59 and common feature of spindles in vertebrates. 60 61 To overcome the limitations of soluble calcium reporters, we developed a genetically 62 encoded probe designed to detect microtubule-proximal increases in [Ca 2+ ] i . This probe, 63 dubbed TubeCamp, comprises the calcium-sensitive derivative of GFP, GCamp3 11 , 64 fused with the microtubule-binding domain of ensconsin (EMTB) 12 . GCamp 65 fluorescence emission increases upon calcium binding 11 while fusions of EMTB with 66 fluorescent proteins have been used in mammalian 13 , amphibian 14, 15 and invertebrate 14 67 cells to label microtubules. To determine whether TubeCamp reports on microtubule-68 proximal elevated [Ca 2+ ] i , TubeCamp and R-Geco, a calcium-sensitive reporter protein 16 69
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To overcome the limitations of soluble calcium reporters, we developed a genetically 62 encoded probe designed to detect microtubule-proximal increases in [Ca 2+ ] i . This probe, 63 dubbed TubeCamp, comprises the calcium-sensitive derivative of GFP, GCamp3 11 , 64 fused with the microtubule-binding domain of ensconsin (EMTB) 12 . GCamp 65 fluorescence emission increases upon calcium binding 11 while fusions of EMTB with 66 fluorescent proteins have been used in mammalian 13 , amphibian 14, 15 and invertebrate 14 67 cells to label microtubules. To determine whether TubeCamp reports on microtubule-68 proximal elevated [Ca 2+ ] i , TubeCamp and R-Geco, a calcium-sensitive reporter protein 16 69 were expressed in Xenopus oocytes which were then wounded to elicit a local [Ca 2+ ] i 70 increase and microtubule reorganization 17 . Before wounding, the oocyte cortex 71 displayed low levels of both R-Geco and TubeCamp fluorescence ( Fig 1A) ; immediately 72 after wounding, both R-Geco and TubeCamp fluorescence increased sharply in a circular 73 region around the wound (Fig. 1A ). While the global pattern of TubeCamp fluorescence 74 paralleled that of R-Geco in space and time ( Fig. 1A, A' ), the TubeCamp signal was 75 distinctly filamentous. That the filamentous structures detected by TubeCamp were 76 microtubules was determined by wounding experiments using TubeCamp in combination 77 with 2X-mCh-EMTB (mCh-EMTB; Fig. 1B ): mCh-EMTB labeled all cortical 78 microtubules before and after wounding; TubeCamp fluorescence was sharply elevated 79 after wounding only on microtubules within 10 µm of the wound (Fig. 1B, B ; and C). 80
TubeCamp also reported on microtubule-proximal increases in [Ca 2+ ] i in somatic cells in 81 developing embryos, as shown by wounding one epithelial cell, which triggers and 82 increase in [Ca 2+ ] i in neighboring epithelial cells (Supplemental Fig. 1; 18 ). 83
84
To determine whether Xenopus egg meiotic spindles are dependent on calcium 85 nanodomains 10 , TubeCamp was co-expressed with mCh-EMTB ( Fig. 2A ) or rhodamine-86 tubulin (not shown). While cortical TubeCamp signal remained low for most of meiosis, 87 in prometaphase TubeCamp fluorescence began to rise at the spindle pole closest to the 88 cortex ( Fig. 2A ). As the spindle became bipolar, TubeCamp fluorescence was evident at 89 both poles and much more concentrated there than mCh-EMTB ( Fig. 2A ). In addition, 90
interpolar TubeCamp fluorescence was observed that, again, clearly differed from that of 91 total microtubules. Interpolar TubeCamp fluorescence disappeared prior to metaphase, 92 while the polar signal was maintained until after anaphase ( Fig. 2A To further substantiate the presence of spindle-based Ca 2+ transients, we imaged oocytes 99 using a mobile Ca 2+ indicator, Oregon green 488 BAPTA-2 (OG-2). Consistent with the 100 results obtained with TubeCamp, OG-2 signal significantly increased at the spindle 101 assembly site in time course similar to that shown by TubeCamp (Supp. Fig. 3 ; Movie 1). 102
In contrast to the results obtained with TubeCamp, OG-2 revealed only diffuse-spindle-103 associated signal, likely due to its relative mobility. 104
105
The spindle pole localization of TubeCamp signal was also evident in oocytes induced to 106 form monopolar spindles in the presence of the kinesin 5 inhibitor S-trityl L-cysteine 107 (STLC) 20 . In these oocytes, TubeCamp signal concentrated at the ring-shaped monopole 108 ( Fig. 2B , top row). To further confirm the specificity of the TubeCamp probe, oocytes 109 with monopolar spindles were subject to uncaging of IP 3 21 . This manipulation resulted 110 in an immediate and dramatic increase of TubeCamp signal but not that of mCh-EMTB 111 signal ( Fig. 2B) . As a complementary approach, meiotic spindle reformation after colcemid treatment was 143 examined in the presence of EGTA or diazo-2. Spindles were first disassembled by 144 colcemid treatment and the colcemid was then inactivated by UV exposure 15 . In the 145 presence of EGTA, the slow chelator, meiotic spindles reformed ( Fig. 4B , EGTA, 00:00-146 00:14; Movie 5) but in the presence of diazo-2 they did not ( Fig. 4B , diazo-2, 00:00-147 00:20; Movie 5), because UV photolysis also released the fast chelator BAPTA 10 in 148 addition to inactivating colcemid 15 in the oocytes. As a further test of nanodomains, 149 spindles were assembled using the microaspiration approach and then treated with either 150 EGTA or dibromo-BAPTA 10 . While spindles exposed to EGTA persisted for more than 151 an hour, those exposed to BAPTA disassembled within minutes ( Fig. 4C ), as we have 152
shown in intact oocytes 10 . 153
To determine whether calcium stores are associated with spindles, immunofluorescence 155 was used to monitor the location of the inositol-1,4,5-trisphosphate (IP 3 ) receptor. 156 Strikingly, the IP 3 receptor was concentrated at the poles of normal meiotic spindles, 157 monoastral spindles and HeLa cell spindles (Fig. 4D ). Further, both the IP 3 receptor and 158 endoplasmic reticulum (ER) were concentrated at the poles of spindles assembled in 159 extracts ( Fig. 4E) . As a functional test of these potential calcium stores, heparin, an IP 3 160 receptor antagonist (5) The results also show that in addition to forming at poles, the nanodomains are associated 167 with a population of microtubules running from pole-to-pole that, to the best of our 168 knowledge, has not been described before. More generally, the strategy employed here 169 may be broadly useful for identifying other potential M-phase calcium micro or 170 nanodomains via fusion of GCamp (or related calcium reporters) with nuclear envelope 171 proteins, histone, or other proteins localized to sites of hypothesized calcium increase. 172
21.
Dargan TubeCamp, we PCR-amplified the sequence coding for the microtubule-binding domain 382 of E-MAP115, EMTB 14 , using the following two primers (5' and 3' respectively): 383 5'-TATGAATTCACCATGGCAGTGCGAAGCGAAACA and 384 5'-TATGAATTCGAAGAGCCCTCAGGTGG. The amplified DNA was digested with 385
EcoRI followed by being inserted into the EcoRI site of pCS2+GCaMP3, described 386 above 10 . The resulting plasmid, TubeCamp, expresses EMTB at the N-terminus followed 387 by the original GCaMP3 coding sequence including its N-terminal poly-His tag 11 . These 388 cloning manipulations also created a seven amino acids insert (NSRDLAT) between 389 EMTB and the initiating methionine of GCaMP3. The plasmid was linearized with Not 1 390 and transcribed in vitro using SP6 polymerase (Ambion kit). 391
392
Oocyte isolation and injection 393 394 Oocytes were manually defolliculated 27 and were kept at 18 o C in OCM medium (oocyte 395 culture medium: 60% of L-15 medium (Sigma), supplemented with 1.07 g BSA per liter, 396 mixed with 40% autoclaved water to yield the appropriate isotonic solution for amphibian 397 oocytes). Manually defolliculated oocytes were used for all live cell imaging and 398
cytoplasmic droplet experiments without further treatment. When oocytes were used for 399 immunofluorescence experiments (Fig. 3A) , manually deffoliculated oocytes were treated 400 briefly with collagenase 27 to remove residual follicle cells 28 before use. 401
402
Manually defolliculated oocytes were injected with mRNA encoding various probes, as 403 described in our previous publications [29] [30] [31] . For plasmid DNA, we usually injected 1-3 nL 404 of highly purified plasmid DNA dissolved in water (~1mg/mL) into the germinal vesicle, 405 which is located directly under the animal pole, measuring about 0.5mm in diameter 27 . 406
The injected oocytes were incubated in OCM for at least 6 hours (mRNA), or up to 2-3 407 days, before the addition of progesterone (1µM) to induce oocyte maturation. 
